Abstract The purpose of this study was to investigate the effect of different types of mechanical stimulation of the sole on standing postural stability in healthy, young adults. Fifty subjects (34 women, 16 men; mean age 23 ± 2 (mean ± SE)) stood barefoot on fixed force plates both with open and closed eyes on firm surface and then on compliant surface (foam). A modified Clinical Test of Sensory Interaction on Balance protocol was employed to assess the center of gravity (COG) excursions along anteroposterior (AP) and mediolateral (ML) axes on each surface and visual condition. After the baseline measurement, a stimulation was applied with an elastic spiked layer topped to the firm and then foam surface, and the COG excursions were measured during the stimulation, and then at least 30 min after the stimulation of the spiked layer, we used 10 min of manual static and glide pressure applied to the plantar surface of both feet. Immediately after manual stimulation, static balance parameters were measured again. Results showed that after manual stimulation, the sway path with closed eyes decreased significantly on the AP and ML directions on firm surface conditions. The spiked layer caused significantly decreased sway path on firm platform in both directions, but it was ineffective on compliant surface. Our results established that the activation of plantar mechanoreceptors by 10-min manual stimulation can partially compensate subjects for the absence of visual input and the lack of accurate pressure information from the supporting surface, too.
Introduction
Control of balance is a very important condition for normal movement and activities of daily life. Balance impairments are the leading causes of falls, which are very common and severe problems of the elderly leading to life threatening injuries. Postural orientation and stability as postural control is the result of a controlling process of the body position in space that includes various sensory motor and cognitive components.
Despite the availability of multiple sensory inputs (visual, vestibular and somatosensory) , the central nervous system (CNS) generally relies mainly on one sense at a time for orientation (Nashner 1982) . Thus either the visual information (Lee and Lishman 1977) , or the proprioception and the cutaneous inputs are important for maintaining the body's equilibrium in a static state .
Studies of multisensory integration and postural control suggested a reweighing process in response to changes in the availability of sensory conditions Woollacott et al. 1986; Oie et al. 2002) . These results support the concept of hierarchical weighing of sensory information for postural control based on their accuracy in reporting the position or movements of the body, i.e., when a sense is not providing accurate information regarding the body position, the CNS modifies the relative importance of the sense for postural control.
Changes in a quiet stance position are often related to a change in pressure under the feet. The slow adapting mechanoreceptors of the sole are able to code the static pressures applied on their receptive fields (Vedel and Roll 1982) . As Kavounoudias et al. (1998) have described, the plantar sole is a 'dynamometric map' for balance control. Due to their anatomical location that interfaces between the sole and the ground, the plantar cutaneous mechanoreceptors provide detailed information about the supporting surface properties and position and movement of body related to supporting surfaces. Accordingly, pressure changes from the main supporting areas of the feet present continuous and accurate information about the displacement of the body.
Over the past few decades, researchers have focused on the importance of tactile and pressure information from the plantar surface of the feet. Considerable researches have supported the role of the somatosensory and proprioceptive inputs from the legs, applying provoked reduction of afferent information from the lower limb with vascular ischemia, anesthesia or cooling. Decrease in the somatosensory information leads to a degradation of stability resulting in an increased postural sway during quiet or perturbed stance (Mauritz and Dietz 1980; Hayashi et al. 1988; Magnusson et al. 1990; Horak et al. 1990; Meyer et al. 2004 ).
In recent years, studies have demonstrated that an additional somatosensory input has positive effects on postural control by using various stimulation methods on the sole such as massage or changing the characteristics of the supporting surface (Nurse et al. 2005; BernardDemanze et al. 2006 BernardDemanze et al. , 2009 Palluel et al. 2008 Palluel et al. , 2009 Vaillant et al. 2008 Vaillant et al. , 2009 ).
These results confirm that instrumental or manual stimulation of the plantar sole and the special surfaces have an impact on the mechanoreceptors of the feet, and this relevant tactile information helps to realize the body position on firm surface when vision is not available. Nevertheless, the question arises regarding the effect of mechanical stimulation on postural control in patients with reduced visual acuity. Goldreich and Kanics (2003) have compared passive tactile acuity of blind and sighted subjects, and confirmed that blind individuals show superior abilities in the use of tactile information. Jeka and his colleagues (1996) have supported that tactile information from contact with a cane reduced postural sway in blind individuals. However, we could not find data in literature on how mechanical stimulation of the feet influences postural control in patients with reduced visual acuity.
Studies which searched the effect of mechanical stimulation of the feet have primarily focused on the effect of various mechanical stimulations on stable, firm surface. Nevertheless, standing on an unstable, compliant surface, for example on foam, impairs the accuracy of the information coming from the cutaneous mechanoreceptors of the soles. Wu and Chiang (1996) have investigated alterations in the pressure distribution and contact area under the feet related to changes in compliance of the supporting surface. They found close correlation between the plantar pressure and the surface compliance suggesting that sensory input to the mechanoreceptors would be decreased by the added layers of foam.
The question arises if sole manual stimulation or an added stimulating surface provides enough pressure input to induce re-weighing of sensory information on the foam surface when visual information is absent. We hypothesized that inaccurate and reduced pressure information caused by a compliant foam surface would be compensated by activation of cutaneous mechanoreceptors of the sole with different mechanical stimulations.
Therefore, the first aim of our study was to assess the positive effect of manual stimulation on the sole concerning postural stability on firm and also on foam surfaces in healthy young adults. We used only manual stimulation without joint mobilization to increase the sensory inputs from the mechanoreceptors of the sole. The goal of the stimulation was to activate mainly the slowly adapting cutaneous mechanoreceptors (Merkel's discs and Ruffinilike endings), which detect touch, pressure and stretching of the skin, and which are able to code static and dynamic changes in pressure applied to their receptive fields (Vedel and Roll 1982) . We also hypothesized that manual mechanical stimulation would generate smaller postural sway not only on firm surface but also on foam surface, especially when visual input is absent.
An additional goal of this study was to explore the prompt effect of standing on rough surface by adding a special spiked layer to the force platform. We investigated whether a direct stimulating effect of an added spiked layer would influence the static balance parameters on a firm and compliant (foam) supporting surface similarly to manual stimulation.
Methods

Subjects
Fifty young, healthy adults [34 women and 16 men; mean age 23 ± 2; mean body weight 67 ± 9.5 kg, mean height 170 ± 7.1 cm, mean BMI 22.81 ± 2.401 kg/m 2 (mean ± SE)] volunteered for this study. None were excluded for having any acute illness, diagnosed neurological or musculoskeletal disease, any known balance impairment or current use of medication that could have affected their balance control. All subjects gave their informed consent prior to participation in the study, which was approved by the local institutional Ethics Committee.
To exclude the loss of plantar sensitivity, we used the SenseLab Aesthesiometer (Semmes and Weinstein monofilaments) at six plantar regions (heel, lateral side of midfoot, first, third, fifth metatarsal heads and hallux) to evaluate the perception threshold of the mechanoreceptors of the sole to light touch. We applied a modified 4-2-1 step algorhythm that has been described by Dyck et al. (1993) . Assessment of plantar sensitivity was performed a day before the stimulating interventions and the posturographic measurements. 0.21 g nominal force was adapted as normal touch threshold for the sole of the foot (Bell-Krotoski et al. 1995) .
Static balance measurement
The clinical test of sensory interaction on balance (CTSIB) designed by Shumway-Cook and Horak (1986) allows manipulation of the senses and investigation of the effect of visual, vestibular and somatosensory inputs on standing balance. The CTSIB uses different conditions to test how people adapt their senses to changing sensory conditions during the maintenance of stance.
We used the modified CTSIB by NeuroCom to perform the test on a computerized force plate to measure the body sway via horizontal excursions of the COG. There are four tasks in CTSIB: eyes open and firm surface, eyes closed and firm surface, eyes open and foam surface, and eyes closed and foam surface.
Static postural stability was measured during quiet standing on a fixed dual force plate (NeuroCom Basic Balance Master). To offer control data, posturographic measures were performed for each task. The COG excursions along anteroposterior (AP) and mediolateral (ML) axes were measured under various visual and surface conditions. First, subjects stood barefoot on firm surface with eyes open (EO) and then eyes closed (EC). The measurement was performed in three sessions (3 9 10 s) in both visual conditions. To reduce tactile and pressure information from the mechanoreceptors of the sole, we altered the support surface from the firm, level force plate to a compliant foam pad, and the measurement was repeated in both eye conditions in three sessions. We used the NeuroCom square foam balance assessment pad (size 46 9 46 9 13 cm).
For all conditions, subjects stood quietly with arms comfortably and loosely by their sides, and were asked to look forward in the EO condition and to close their eyes in the EC condition. Their feet were positioned by the signs of the NeuroCom platform, the distance between the midline of the heels changed from 22 to 30 cm according to the subjects' height. Toe-out was positioned to subjects' comfort.
Interventions
Spiked layer
To investigate the prompt effect of a stimulating surface on postural stability, we used a special, spiked layer during posturographic measurement. It was a thin elastic layer of rubber with spiked layer (density 5 spikes/cm 2 , height of spikes 7 mm, diameter of spikes 2 mm), and it was placed onto the force plate. Subjects were asked to stand still bare feet with arms comfortably at their sides, and their feet were adjusted according to the signs of the platform. Subjects did not report any discomfort because of the spiked layer. The displacement of COG was measured while subjects stood on the stable platform covered with the special layer. The measurements were performed in three sessions (3 9 10 s) in both open and closed eye conditions. Then we altered the supporting surface from the firm to foam one with the added spiked layer, first with open eyes and then with closed eyes. Thus, the spiked layer affected the sole just during the posturographic measurement. The baseline measurement of static postural stability without any stimulation served as a control condition.
Manual stimulation
Manual stimulation was performed by two assistants (25-25 subjects). To standardize the intensity of stimulation, we used a learning process. Pressure stimulation was applied on both feet at the same time by the two assistants, and the subject checked if the pressure was equal on both soles. It was repeated three times with three different subjects, and then the force of the manual pressure was measured by a strength dynamometer (Chatillon MSE 100). The mean force of pressure was 48 N, which was determined as a standard force for glide and static pressure during the stimulation. The learning procedure guaranteed that the manual stimulation force produced by the two assistants was the same, and the force by their right and left hands was also equal.
Manual technique included static and glide pressure focus on the supporting surfaces of the sole, especially over the heel region, and the region of metatarsal heads. It was applied for 10 min, while subjects were relaxing in a sitting position and their feet were supported. Stimulation was performed simultaneously on both feet by an assistant.
Static balance parameters were measured before and after manual stimulation. The baseline measurement of the static postural stability without any stimulation served as a control condition. Participants were asked to stand up for 20 s after the stimulation, in this way the negative effect of sudden standing up was avoided. Manual stimulation was applied at least 30 min after the stimulation of the spiked layer.
Reliability of the measurement
We compared the results of the three sessions of measurement and found that the sway path of the first session was significantly longer than the sway path of the second or the third session in all measurement conditions; however, there were no significant differences between the results of the second and the third sessions. To ensure the reliability of the measurement, we excluded all data of the first sessions, and the mean of the second and the third assessments were analyzed.
Statistical analysis
Tactile threshold
Because of the discrete nature of the data of monofilament diameter, plantar tactile threshold was determined by the median of the nominal force that was felt in each plantar region.
The Wilcoxon Signed Ranks test was used to compare tactile threshold medians of left and right feet with normal touch threshold of the sole.
Sway path
The following formulas (1 and 2) were applied to calculate the sway paths in ML (x) and AP (y) directions, where n is the total number of samples, i is the numbering, s y is the path length of A/P sways and s x is the path length of the lateral displacements of COG:
Data were subjected to variance analysis with Statistica 8. to make comparisons between the types of stimulation, and the experimental conditions considered as independent variables. We used two-way ANOVA to analyze sway data on firm and foam surfaces to evaluate the main effects and the interactions of the two visions (eyes open and eyes closed) and three stimulation (baseline, manual stimulation, spiked layer) factors. The post hoc test was the NewmannKeuls test. A level of significance of p \ 0.05 was adapted.
Results
Tactile sensitivity
Comparing the medians of the tactile threshold in every investigated sole region on both feet with the normal touch threshold of the sole, no significant difference (left sole p = 0.345, right sole p = 0.916) and loss of sensitivity was observed.
Static balance parameters
Results of baseline measurement
The sway paths increased significantly in both directions and in both surface conditions when there was no visual input (Figs. 1, 2) . Standing on foam surface significantly increased the sway path in both directions, in both eye conditions compared with standing on firm surface.
The effect of the 10-min manual stimulation and the spiked layer on the balance parameters on firm surface A main effect of vision was observed in both directions (AP p \ 0.001; ML p \ 0.001) in the baseline measurement: the absence of visual input (EC) caused a significant increase in the sway path, however, these changes disappeared in the AP and ML directions after manual stimulation, and on the spiked layer in ML direction (Figs. 1a, b) .
Results showed a significant two-way interaction of vision x stimulation for the sway path in both AP (p \ 0.001) and ML (p \ 0.001) directions on firm surface.
The main effect of manual stimulation was observed in both AP (p \ 0.001) (Fig. 1a) and ML (p \ 0.001) (Fig. 1b) directions when subjects stood on firm platform with closed eyes compared to baseline data, i.e., the sway paths decreased significantly. We noticed an additional main effect of stimulation, the spiked layer caused significant decreased sway path in both AP (p \ 0.001) (Fig. 1a) and ML (p \ 0.001) (Fig. 1b) directions in EC condition. In ML direction, this effect was more prominent, thus, subjects were fully compensated by the spiked layer for the missing visual information.
In EO condition, the manual stimulation and the spiked layer did not cause any alteration in either the AP or the ML direction.
The effect of the 10-min manual stimulation and the spiked layer on the balance parameters on foam surface On the foam surface, a main effect of vision was observed in all stimulation conditions in both directions: standing on foam surface with closed eyes caused significant increase in the sway paths in both directions in the baseline measurement, after manual stimulation and in the spiked layer measurement as well.
In contrast to the firm surface, the analysis revealed no interaction of vision x stimulation for the sway path in both directions on foam surface. However, a main effect of manual stimulation was observed, the sway path decreased in ML and AP directions in EC condition (Fig. 2a, b) in comparison with the sway path before the stimulation.
Compared with the baseline data, the spiked surface did not change the sway paths substantially; it remained roughly unchanged in both directions and in both eye conditions (Fig. 2a, b) .
Discussion
In the present study, our subjects' ability to remain stable in quiet stance was evaluated under various conditions. Thus, we altered the availability of visual information and pressure and tactile information coming from the supporting surface. Several studies have investigated the organization of sensory input for postural control. Considerable researches have shown that visual input plays a significant role in balance control (Lee and Lishman 1977; Brandt et al. 1986 ). However, when visual information is unavailable but the somatosensory and vestibular information is available and accurate, then the individual will have to rely primarily on the somatosensory input and only secondarily on the vestibular input. Horak et al. (1990) have examined the postural stability of neurologically intact adults and patients with loss of vestibular function with the CTSIB. Their results show that instability occurred in patients with vestibular problem when visual input was not available and somatosensory input was disturbed. Accordingly, when the visual information is unavailable and the somatosensory information is inaccurate, the individual will have to rely predominantly on the vestibular input.
Our results demonstrated that in case of baseline measurements, the sway paths increased due to the absence of visual input and also when somatosensory information was reduced by the foam surface. Changes in the sway paths under various sensory conditions are in line with the results of Woollacott et al. (1986) . However, the spiked layer and manual stimulation of the sole resulted in improvement in the postural control in EC condition, activation of the plantar mechanoreceptors partially compensated subjects for the lack of vision on the firm surface in both directions, and manual stimulation also caused significantly decreased sway path on the foam surface in both directions in EC condition.
Previous studies confirm both in young and elderly people that different plantar stimulations improved postural control on a firm surface and in absence of vision (Maki et al. 1999; Maurer et al. 2001; Priplata et al. 2003; Nurse et al. 2005; Bernard-Demanze et al. 2006; Vaillant et al. 2008; Palluel et al. 2008) . Vaillant et al. (2008) have measured the postural stability of 17 elderly subjects before and after a 20-min therapeutic manipulation that involved manual massage of the feet and mobilization of both foot and ankle joints. During posturographic measurement, the availability of visual input was altered to detect the immediate effect of the suppression of vision and the postural adaptation over time to the absence of vision. Their results showed that after massage and mobilization of the feet and ankles, postural stability remained unchanged when the vision was absent compared to the baseline values without stimulation. Thus, therapeutic manipulation allows the elderly to be partially compensated for the destabilising effect induced by the suppression of vision. Further investigations have shown that plantar massage and joint mobilization of the feet and ankles produce significant improvement in the results of the clinical tests of balance in elderly subjects (Vaillant et al. 2009 ).
Our results were in line with Vaillant et al., as manual stimulation of the plantar sole improved postural stability on firm surface; indeed the absence of vision did not influence the sway path in any direction with respect to the eyes open condition. Nonetheless, in contrast to their stimulating method, we used only manual stimulation of the sole to enhance somatosensory information from the feet, thus, our results demonstrated that manual static and glide pressure is effective by itself in facilitating postural stability in quiet stance.
Furthermore, Bernard-Demanze et al. (2006) have investigated the effect of three sessions of 10-min massage by a massage device applied under the feet. Static balance parameters of 19 healthy young adults have been measured on firm platform in EC condition. Their findings have shown that each massage causes a decrease in vertically projected motion of COG along the ML axis on stable surface without visual input. In agreement with this study, we found that the 10-min stimulation of the plantar sole would contribute to a better evaluation of the pressure information from the supporting surface and would facilitate postural stability on firm surface.
An interesting finding of our study was that the 10-min manual stimulation of the sole significantly decreased the sway paths on firm surface, and there is a slight decrease on foam surface also in both AP and ML directions when vision was not available.
In an earlier study, Chiang and Wu (1996) have pointed out that standing on foam would affect the inputs to cutaneous mechanoreceptors coming from the supporting surface. They found close correlation between plantar pressure and surface compliance suggesting that the input to mechanoreceptors would be deteriorated by adding layers of foam. Their findings indicate that pressure on the soles seems to play an important role in postural control in quiet stance on firm surface; however, pressure input from the soles becomes less significant on compliant surface. Thus, tactile and pressure information from the plantar mechanoreceptors are reduced or inaccurate during standing on foam surface. Results of the above mentioned study suggest that the compliant surface produces reduced somatosensory information for the feet, thus, mainly visual and vestibular inputs can assist orientation during standing on foam. When standing on foam in EC condition, the vestibular information is accurate, but the lack of vision and the decreased somatosensory inputs generate an enhanced sway path.
We presumed that mechanical stimulation of the plantar sole would provide an efficient activation of plantar mechanoreceptors and can compensate for the lack of vision on the firm surface, and for the lack of visual input and inaccurate somatosensory information on the foam surface, too. The question arises whether our interventions did stimulate the cutaneous mechanoreceptors as well as the proprioceptive receptors of the plantar muscles. As the mechanical stimulations (manual intervention and spiked layer) were performed in the region of the sole, we could have an effect on the proprioceptive receptors in the intrinsic muscles of the sole, thus, we cannot fully exclude that the alterations in the muscle tone might have been an impact on postural reactions. Further research is needed to clarify our knowledge on the reasons of improvement in postural stability.
Our results suggested that the activation of the plantar mechanoreceptors by a 10-min manual stimulation can partially compensate subjects for the lack of vision and the inaccurate pressure information from the supporting surface.
The question arises whether positive changes in postural control due to mechanical stimulation of the feet can be attributed to an increase in the sensitivity of plantar receptors. In our study, we neither studied the changes in the plantar tactile threshold due to mechanical stimulation nor did we find data in literature on how tactile sensitivity is influenced by mechanical stimulation of the sole in healthy young subjects.
We observed an important change in ML direction. Winter et al. (1993 Winter et al. ( , 1996 have suggested that the mediolateral sway during quiet standing is concerned as the result of the loading and unloading of the left and right sides. Accordingly, the COG motions along the ML axis mostly depend on body weight distribution over the feet (Winter 1995) . Similarly to the results of Bernard-Demanze et al. (2006) , our findings supported the idea that plantar sole manual stimulation caused better control of body weight distribution over the two feet.
Lateral stability or instability as an important marker of balance in older persons has been highlighted by several studies McIlroy 1996, 1997) . In our earlier studies, we found significantly lower ML power in ironmen trained in extreme strenuous exercise in comparison with healthy, normal control subjects, indicating a higher level of motor control in ML direction (Nagy et al. 2004 ). The ML balance parameters appeared to be more sensitive to the effect of an 8-week balance training in comparison with AP parameters in elderly subjects (Nagy et al. 2007) . Henry et al. (2001) have suggested that the width of the feet position during the posturographic measurement changes the relationship of the center of body mass relative to the limits of stability of the feet and increases the passive stability of the musculoskeletal system. Interestingly, in our study, the postural sway decreased in the ML direction after manual stimulation in both surface conditions, although the distance between the midline of the heels during the posturographic measurement was at least 22 cm. Thus, the width of the stance was likely to extend the passive stability in the ML direction. Based on our findings, it may be hypothesized that improvement of mediolateral control via activation of the plantar mechanoreceptors could be useful from a therapeutic point of view, and it may be an option for decreasing the risk of falls in the elderly.
A further aim of our study was to investigate the direct effect of an additional spiked layer to the force plate on static balance parameters. Our research data showed that the stimulating effect of this spiked layer could trigger a decrease in the sway path in both directions on the firm surface in closed eye condition. Nurse et al. (2005) have described that a textured shoe insert can cause changes in muscle activity by modified sensory feedback from the sole. Palluel et al. (2008) have investigated the effect of wearing sandals equipped with spike insoles on sway parameters in healthy young and elderly subjects with relatively intact plantar cutaneous sensation. In their study, participants have stood on the force plate with and without spike insoles for 5 min in the standing session, and then subjects walked with and without spike insoles in the walking session, and postural stability was measured in each case. These results support that immediately after subjects insert the spike insoles, they exhibit no adaptation, but standing or walking for 5 min with spiked sandals can lead to significant improvement in balance in both groups for AP and ML directions.
Similarly to the above mentioned study, our findings supported the idea that spiked layer could contribute to the improvement of static balance parameters on firm surface.
However, in contrast with manual stimulation, the spiked layer proved to be ineffective on foam surface, the short-term and less intense impact did not seem to have a compensating effect on the alteration of pressure input from the compliant surface.
In our study, the different mechanical stimulations were effective only in closed eye condition. The absence of the effect in open eye condition may be due to the redundancy of senses, namely the CNS used primarily the accurate visual and vestibular inputs, and the stimulated somatosensory input was used only secondarily. Without vision, increased information from the mechanoreceptors became dominant for achieving stability. The studies of Vaillant et al. (2008) , Bernard-Demanze et al. (2006) and Palluel et al. (2008) , along with the present one, have supported the idea that activated cutaneous information of the sole can partially compensate subjects for the absence of visual input.
The ability of postural control system to re-weigh the available sensory inputs is a generally accepted idea (Stål et al. 2003; Vuillerme and Pinsault 2007; Vuillerme et al. 2008) . We would believe that the decrease of sway paths in closed eye condition after the mechanical stimulation showed the adaptive mechanism of the CNS, as it used the facilitated input from the plantar mechanoreceptors as an alternative sensory input for orientation.
Conclusions
The present findings demonstrate that manual stimulation is an effective intervention to enhance balance control especially on firm surfaces in young, healthy adults, only when visual information is not available. Manual stimulation was found to have a beneficial effect on the results on the foam surface. It should still be determined whether the benefit of facilitation is preserved over a longer period of time. Manual stimulation caused improved postural stability in both AP and ML directions, which would be due to the better control of body weight distribution over the two feet. It should, therefore, be sensible to investigate whether stimulation of only one of the two feet leads to changes in the dynamics of weight bearing between the feet in quiet stance.
The effect of different mechanical stimulations is likely to be caused by the increased sensitivity of the mechanoreceptors of the plantar sole. The limitation of the experiment is that the effect of the stimulations on tactile sensitivity of the sole was not assessed. Future research is needed to measure tactile threshold before and after plantar mechanical stimulation.
We identified the immediate effects of the spiked layer, but this positive effect appeared on its own on the firm surface without visual input. The rough, spiked layer can help subjects to orientate their body position vertically and to the base of the support.
Our findings showed that young adults can benefit from mechanical stimulation of the sole. Further research is planned to investigate mechanical stimulation effectivity on compliant surface in the elderly or in case of disease related sensory loss.
Our results suggest that stimulation of the plantar cutaneous mechanoreceptors is an effective method, which can easily be used either as a manual intervention in physiotherapy or it may be used as a shoe insert (stimulating spiked layer), as it may help us in decreasing the risk of falls.
